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ABSTRACT
Dairy cattle barns are a major source of NH3 emis-
sions to the atmosphere. Previous studies have shown
that the beddingmaterial used in the barn can inﬂuence
the magnitude of NH3 emissions, but little is known
about which bedding characteristics are important in
this respect. The aims of this study were to assess,
at a laboratory scale, the relative importance of the
chemical [pH, cation exchange capacity (CEC), C:N]
and physical (urine absorbance capacity, bulk density)
characteristics of 5 bedding materials (chopped wheat
straw, sand, pine shavings, chopped newspaper,
chopped corn stalks, and recycled manure solids) on
NH3 emissions from dairy cattle urine. Recycled ma-
nure solids were the most absorbent of the bedding
types (4.2 g of urine/g of bedding), and sand was the
least (0.3 g of urine/g of bedding). When beddings were
soaked in urine to their absorbance capacities, NH3
emissions over 48 h (expressed as a proportion of the
urine N absorbed) were not signiﬁcantly different
among bedding types, despite differences in initial bed-
ding pH, CEC, and C:N. When equal volumes of urine
were applied to equal depths of dry bedding, NH3 emis-
sions over 48 h were signiﬁcantly less from sand and
pine shavings (23 and 42% of applied urine N, respec-
tively) than from chopped newspaper, chopped corn
stalks, and recycled manure solids (62, 68, and 65% of
applied urine N, respectively), whereas emissions from
chopped wheat straw (55% applied urine N) only dif-
fered signiﬁcantly from that from sand. Differences in
the chemical characteristics of the beddings did not
explain differences in emission; NH3 emissions in-
creased linearlywithCEC contrary to expectations, and
there was no signiﬁcant relationship with initial bed-
ding pH. The physical characteristics of bedding mate-
rials were of more importance, as NH3 emissions in-
creased linearly with absorbance capacity and de-
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creased as the bulk density of the packed beddings
increased.
(Keywords: ammonia emission, beddingmaterial, cat-
tle, urine)
Abbreviation key: CEC = cation exchange capacity,
TAN = total ammoniacal N.
INTRODUCTION
Agriculture is the major source of NH3 emissions to
the atmosphere (Davidson andMosier, 2004). Concerns
about the role of NH3 in the formation of ﬁne particu-
lates (Hughes et al., 2002) and consequent adverse im-
pacts on human health and in the eutrophication and
acidiﬁcation of natural ecosystems (Fangmeier et al.,
1994) have led to public and policy pressures to reduce
its emission from agricultural sources. In the UK, cattle
account for over 50% of NH3 emissions from agriculture
(Misselbrook et al., 2000) and estimates for theUS show
cattle to be an equally important source (EPA, 2004).
Most of the ammoniacal content ofmanure derives from
the labile N component of urine, predominantly urea,
and the rate and extent to which subsequent NH3 emis-
sions occur will depend on a number of chemical and
physical factors. Emissions from livestock housing,
therefore, may be inﬂuenced by interactions between
deposited urine and the materials used for livestock
bedding. Different cattle housing systems make use of
bedding materials in different ways. For example, free-
stall (cubicle) and tie-stall housing systems may use a
limited amount or no bedding at all in the lying areas
for the cattle, which would not be intensively fouled by
urine and feces. This contrasts with deep litter (bedded
pack) systems, where much larger amounts of bedding
are used and added to daily and the bedding becomes
intensively fouled by excreta.
The presence of bedding material can reduce NH3
emissions from cattle housing; in a controlled compari-
son experiment, Chambers et al. (2003) reported emis-
sions to be 30% lower from a straw-bedded, deep litter
cattle housing system than from a slurry-based (i.e.,
free-stall) system. Different bedding materials may in-
ﬂuence emissions in a number of ways. First, the physi-
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cal structure of the material may be important, inﬂu-
encing the extent to which urine drains through the
bedding. Emissions will be reduced if the urine is pro-
tected from air turbulence by a physical bedding layer
and the increased diffusion distance for any released
NH3 will increase the resistance to gas transfer. This
effect is similar to the protective effect of a crop canopy
on emissions from slurry placed beneath the canopy
as has been shown previously (Sommer et al., 1997;
Misselbrook et al., 2002). However, if urine coats the
bedding surface, then the increased surface area may
lead to an increase in emissions. Second, different bed-
ding materials will have a different capacity to absorb
deposited urine. Absorption may reduce emissions by
increasing the resistance to gaseous transport. Third,
the chemical composition of beddingmay inﬂuence NH3
emissions in many ways. The pH and cation exchange
capacity (CEC) of the bedding materials may inﬂuence
the extent to which ammonium ions are held by the
bedding (as discussed for ammonium ions in soils by
Freney et al., 1983), and the addition of a C source in the
bedding material may promote rapid immobilization of
ammoniacal N (Chantigny et al., 2001).
There have been few studies on the inﬂuence of bed-
ding materials used in dairy cattle barns on NH3 emis-
sions. Jeppsson (1999) assessed 4 different bedding
types for young cattle (long straw, chopped straw with
or without an additive, and a chopped straw/peat mix-
ture) and reported emissions to be lowest from the
chopped straw/peat mixture. A similar study with pigs
housed on a deep litter system gave the same result
(Jeppsson, 1998). Andersson (1996) used a laboratory
system to assess the inﬂuence of a number of straw-
based bedding types onNH3 emissions from pigmanure
and, although not reporting total emissions, stated that
emissions were inﬂuenced by C:N, C availability, and
the physical structure of the beddings used.
The objectives of the present study were to assess,
for a wider range of bedding types than previously stud-
ied (i.e., chopped straw, sand, pine shavings, chopped
newspaper, chopped corn stalks, and recycled manure),
1) the capacity of the beddings to absorb urine; 2) the
extent to which urine-soaked beddings retained NH3;
and 3) the importance of the physical structure of the
bedding in reducing NH3 emissions.
MATERIALS AND METHODS
Bedding Materials
Six different bedding materials were used in the ex-
periments: chopped wheat straw, sand, pine shavings,
chopped newspaper, chopped corn stalks, and recycled
dairy manure solids. Wheat straw, a standard bedding
used in dairy cow stanchions, and corn stalks, used in
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heifer free-stall barns, were chopped into approxi-
mately 2- to 4-cm lengths using a commercial chopper;
newspapers were chopped similarly to give pieces of 2
to 4 cm in length and width; sand, a standard bedding
in free-stall housing, was purchased commercially (par-
ticle size in the range of 0.2 to 2.0 mm in diameter);
and dairy manure solids, which were separated from
manure liquids using a screw press, were composted
and dried. (Dairy manure solids are increasingly being
used as bedding on large tie-stall dairy operations.)
Bedding materials were analyzed for total N, total C,
pH, and CEC. Bedding materials were dried at 100°C
for 24 h and ground through a 1-mm screen before total
N and C analyses by combustion assay (Leco FP-2000
nitrogen analyzer). The pH of a demineralized water/
bedding mixture (2:1 ratio by weight) was measured
using a calibrated portable pH meter (Accumet AP61,
Fisher Scientiﬁc). The CEC was determined using a
ammonium displacementmethod (Tucker, 1974). Char-
acteristics of the beddingmaterials are given in Table 1.
Urine and Feces
Urine and feces were collected separately from 3 lac-
tating Holstein cows fed a diet consisting of approxi-
mately 17% CP and 26% NDF using standard compo-
nents for a lactating dairy cow diet (Broderick, 2003).
Urinewas collected via indwelling catheter tubes drain-
ing into plastic containers embedded in ice, and feces
were hand-scraped from metal catchment containers
ﬁtted into the tie-stall gutters. Collections took place
during September and continued over a period of 100
h, excluding times when the cows were being milked.
Composite samples of the urine and feces from the 3
cows were frozen immediately after collection.
The composite urine sample was analyzed in tripli-
cate for pH, total N, total ammoniacal N (TAN), and
urea N content. Following pH determination, samples
were acidiﬁed (60 mL of 0.07 N H2SO4 added to 15
mL of urine) before subsequent analyses. Total N was
measured by combustion assay (Elementar Vario MAX
CN analyzer); 200 mg of sucrose were added to the 2.5-
mL urine sample to aid combustion. Total ammoniacal
N content was determined by automated colorimetry
(Searle, 1984) following KCl extraction (5 mL of urine
in 50mL of 2MKCl, shaken for 2 h, and ﬁltered through
Whatman no. 42). Urea N was determined using an
automated colorimetric assay (Broderick and Clayton,
1997) adapted to a ﬂow-injection analyzer (Lachat In-
struments, Mequon, WI).
The composite fecal sample was analyzed in triplicate
for pH, total N, TAN, and DM content. Dry matter
content was determined by drying in an oven to a con-
stantweight at 100°C. Following pHdetermination (of a
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Table 1. Characteristics of the bedding materials used in the study (means of duplicate samples).
Total C Total N CEC1
Bedding material pH (g/kg) (g/kg) C:N (cmolc/kg)
Chopped straw 6.9 422 4 105 9.7
Sand 6.0 1 0 — 0.3
Pine shavings 4.5 477 <0.4 1344 3.8
Chopped newspaper 6.1 429 7 63 8.8
Chopped corn stalks 6.7 430 9 49 9.9
Recycled manure solids 6.0 395 33 12 16.0
1CEC = Cation exchange capacity.
demineralizedwater/fecesmixture, 2:1 ratio byweight),
acidiﬁed samples of feces were freeze-dried and ground
for total N determination by combustion assay (Leco
FP-2000 nitrogen analyzer). Total ammoniacal N con-
tent was determined by automated colorimetry (Searle,
1984) following KCl extraction (5 g of feces in 50 mL
of 2 M KCl, shaken for 2 h, and ﬁltered through What-
man no. 42).
Urine Absorbance Measurements
Beddingmaterials were oven-dried at 60°C overnight
and allowed to cool to room temperature. Then, approxi-
mately 0.5 L of each was placed in a 1-L coffee-press
canister. The exact weight of the added bedding was
recorded. Sufﬁcient urine was added to each canister
to cover the bedding material by approximately 2 cm.
The canister press screen was lowered to ensure that
the bedding material remained below the urine. After
being submerged for 4 h, the canisters were placed at
a 60° angle to allow urine to drain from the bedding
material, the press screen retaining the bedding mate-
rial within the canister. Canisters were allowed to drain
for 16 h and then reweighed to determine the amount
of urine absorbed by the bedding.
NH3 Emission Measurements
Two types of NH3 emission experiments were con-
ducted using a system of 6 small laboratory chambers.
In the ﬁrst, emission measurements were made from
urine-soaked beddings taken directly from the bedding
absorbance measurements to determine the capacity of
the different bedding materials to retain the adsorbed
NH3. In the second, measurements were made from
urine additions to dry bedding materials to assess the
inﬂuence of the physical structure of the bedding mate-
rials on NH3 emissions.
The laboratory chambers used were as described by
Misselbrook et al. (2005). Brieﬂy, chambers were con-
structed from plastic drainage pipe of 10 cm internal
diameter and 19 cm height. The internal surfaces of
the lid were sprayed with a Teﬂon coating to minimize
Journal of Dairy Science Vol. 88, No. 12, 2005
adsorption of NH3. Each chamber lid had 4 horizontally
positioned inlet and outlet ports to ensure good mixing
of air within the chamber. The main body of the cham-
ber was ﬁlled with cement to simulate a barn ﬂoor,
leaving a headspace of approximately 350 mL. Cham-
bers were constructed approximately 3 mo before the
experiments, and the cement was periodically fouled
with feces over that period to encourage development
of urease activity, although urease activity was not
measured. Air was drawn through the system bymeans
of a vacuum pump; the airﬂow rate through each cham-
ber was controlled at 4 L/min. An acid trap (containing
75 mL of 0.02 M orthophosphoric acid) at the inlet port
of each chamber removed any NH3 from inlet air, and
a second acid trap at the outlet port of each chamber
collected any NH3 emitted during the measurement
period. The system was housed in a large incubator
such that all experiments were conducted at the same
temperature (18°C).
To determine emissions from the urine-soaked bed-
dings, a subsample of the soaked bedding from each
canister was placed into a NH3 emission measurement
chamber; the exact weight added to each chamber was
recorded. The bedding materials were lightly com-
pacted onto the concrete ﬂoor of the chambers to attain
a depth of approximately 1.5 cm and 10 mL of diluted
feces (1:1 demineralized water to wet feces by volume)
was immediately added to the bedding in each chamber,
applying evenly across the bedding surface, to ensure
the presence of the urease enzyme. Emission measure-
ments continued for 48 h with outlet acid traps being
changed after 1, 3, 6, 12, 24, and 32 h.
For measurements from urine applications to dry
bedding, 8 g of feces were ﬁrst applied evenly to the
concrete ﬂoor of each chamber. A standard depth (1.5
cm) of bedding (dried overnight at 60°C) was added to
each chamber, and 10 mL of diluted feces (1:1 deminer-
alizedwater towet feces by volume)were applied evenly
across the bedding surface, followed by 20 mL of urine.
Emission measurements continued for 48 h with outlet
acid traps being changed after 1, 3, 6, 12, 24, and 32 h.
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Table 2. Chemical analyses of the urine and feces used in the study
(means of triplicate samples).
Total
Total ammoniacal Urea
pH DM N N N
(%) (g/L)
Urine 8.1 ND1 7.5 0.5 5.8
(g/kg of DM)
Feces 6.6 14.6 23.8 3.4 ND
1ND = not determined.
Statistical Analyses
Three replicate measurements were made of urine
absorbance and of NH3 emission from the urine-soaked
beddings. Replication was achieved in time; so for each
occasion, one bedding treatment was randomly as-
signed to one of the 6 canisters for urine absorbance
measurements, and then the soaked bedding from each
canister was randomly assigned to one of the 6 cham-
bers for measurement of NH3 emission. The whole pro-
cess was repeated on 3 separate occasions, giving 3
replicates for each treatment. Following completion of
the urine absorbance and NH3 emission from urine-
soaked bedding measurements, 3 replicate measure-
ments (over time) of NH3 emission from urine applied
to the dry beddings were conducted; one dry bedding
treatment was randomly assigned to one of the 6 cham-
bers for each of the 3 replicate measurement occasions.
Data were analyzed by one-way ANOVA, assuming a
randomized block design (with measurement occasion
as block), using GENSTAT (Lawes Agricultural Trust,
1993) to assess treatment effects on urine absorbance
and on cumulative NH3 emission after 48 h (expressed
as g of N/m2 and percentage of applied urine N). Simple
linear regression analyses were performed (using GEN-
STAT) to assess the signiﬁcance of bedding characteris-
tics (initial pH, CEC, absorbance, C:N, bulk density)
on NH3 emissions following urine application to the dry
Table 3. Urine absorbance capacity of different bedding materials and cumulative NH3 emissions over 48 h from the urine-soaked beddings
exposed in the laboratory chambers.
Chopped Recycled
Chopped Pine Chopped corn manure
straw Sand shavings newspaper stalks solids SED1
Absorbance, g of urine/g of dry bedding 2.85c 0.27d 2.63c 3.79b 2.77c 4.22a 0.15
Total urine N added to chamber,2 g/m2 11.8c 30.0b 14.6c 24.4b 16.2c 37.4a 3.2
NH3 emission, g of NH3 N/m2 4.7c 10.9b 7.6bc 10.0b 7.7bc 18.3a 1.9
NH3 emission, % of urine N 40 36 55 46 43 50 10
Urine N remaining on bedding after 48 h, 12.8a 1.3b 9.2a 15.6a 11.6a 16.2a 3.2
mg/g of dry bedding
a,b,cWithin rows, mean values with different superscripts differ signiﬁcantly (P < 0.05).
1SED = standard error of the difference of the means.
2Calculated from the bedding absorbance values and assuming that no N was lost before the addition of the bedding to the chamber.
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beddings. Data were transformed when distributions
deviated from normal (C:N and bulk density).
RESULTS
Chemical Analyses of Urine and Feces
Mean analyses of the urine and feces used in the
study are shown in Table 2. Urea N represented 78%
of the total N content of the urine, which is typical of
dairy cattle urine (Bristow et al., 1992).
Urine Absorbance Measurements
Recycled manure was the most absorbent of the bed-
ding materials, retaining 15 times more urine than
sand, the least absorbent, on a weight for weight basis
(Table 3). Chopped newspaper was the next most absor-
bent material, and chopped straw, pine shavings, and
chopped corn stalks had similar urine absorbance.
NH3 Emissions from Urine-Soaked Beddings
As the soaked beddings were added to the chambers
to a constant depth, there were signiﬁcant differences
in the mass of each bedding type used depending on
the bulk densities of the materials. Thus, a much
greater mass of sand was applied than chopped straw,
pine shavings, or chopped corn stalks, for example (Ta-
ble 3). This, together with differences in urine ab-
sorbance, resulted in signiﬁcant differences in the
amount of urine N in each chamber before measure-
ment. The highest amount of urine N was applied with
the recycled manure, followed by sand and chopped
newspaper, and the least amount was applied with the
chopped straw, pine shavings, and chopped corn stalks
(Table 3). In absolute terms, NH3 emission over 48 h
was greatest from the recycled manure treatment and
least from the chopped straw, pine shavings, and
chopped corn stalks (i.e., the magnitude of NH3 emis-
MISSELBROOK AND POWELL4308
Table 4. Cumulative NH3 emissions over 48 h from urine applied to equal depths of dry bedding materials (n = 3).
Chopped Recycled
Chopped Pine Chopped corn manure
straw Sand shavings newspaper stalks solids SED1
Dry bedding added to chamber, kg/m 0.5b 19.8a 1.1b 0.5b 0.5b 1.4b 1.0
Liquid added to bedding expressed as a proportion 2.4a 0.7d 1.3c 2.0b 2.5a 0.6d 0.2
of the absorbance capacity
NH3 emission, g of NH3 N/m 10.2ab 5.3c 7.8bc 11.4a 12.7a 12.1a 1.2
NH3 emission, % urine N 55ab 28c 42bc 62a 68a 65a 6
Urine N remaining on bedding after 48 h, mg/g 15.1a 0.7d 10.0b 14.7a 10.9b 5.0c 1.4
of dry bedding
a,b,c,dWithin rows, values with different superscripts differ signiﬁcantly (P < 0.05).
1SED = standard error of the difference of the means
sion was related to the amount of urine N applied)
(Table 3). Therefore, when expressed as a percentage of
the added urine N, there were no signiﬁcant differences
among bedding types (Table 3), andmean emission over
48 h was 45% of the added urine N. The calculated
N remaining in the bedding after 48 h, expressed as
milligrams of N per gram of dry bedding, was signiﬁ-
cantly lower (by a factor of ten) for the sand than for
all other treatments.
There was no signiﬁcant relationship (P > 0.1) be-
tween NH3 emission (as a percentage of the applied
urine N) and any of the measured chemical or physical
characteristics of the bedding types.
NH3 Emissions from Urine Applied to Dry Beddings
Equal volumes of dry bedding were added to each
chamber, giving signiﬁcant differences in themass used
(Table 4); the mass of sand was far greater than for
the other bedding materials. The volume of urine and
diluted feces added exceeded the absorbance capacity
of the mass of chopped straw, pine shavings, chopped
newspaper, and chopped corn stalks. Emission rates
from all treatments, with the exception of sand, in-
creased over the ﬁrst 12 to 24 h after urine application;
emission rates for chopped straw, pine shavings, and
chopped newspaper peaked sooner than those for
chopped corn stalks or recycled manure solids (Figure
1). The emission rate from the sand bedding was very
much lower than from the other bedding types but,
following an initial decrease, continued to increase over
the measurement period. Ammonia emissions were
least from the sand and pine shavings (Table 4) com-
pared with chopped newspaper, chopped corn stalks,
and recycled manure, whereas emission from the
chopped straw treatmentwas not signiﬁcantly different
from either the pine shavings or the chopped newspa-
per, chopped corn stalks, and recycled manure.
The calculated urine N remaining in the bedding
after 48 h, expressed as milligrams of N per gram of
Journal of Dairy Science Vol. 88, No. 12, 2005
dry bedding, was signiﬁcantly lower for the sand, fol-
lowed by the recycledmanure bedding, the 2 treatments
which received a volume of urine and diluted feces be-
low their absorbance capacity. For the other treat-
ments, the amount of urine N remaining in this experi-
ment was similar to those given in Table 3 for the urine-
soaked treatments.
There was no signiﬁcant relationship (P > 0.1) be-
tween NH3 emission and either the initial pH or the
C:N of the bedding types (Figure 2). However, NH3
emission increased with bedding CEC and absorption
capacity and decreased with the bulk density of the
packed bedding in the chamber. (Figure 2 shows the
relationship with the inverse square root-transformed
data for bulk density.)
DISCUSSION
Results from the present study suggest that the phys-
ical structure and the relative absorbance capacities of
Figure 1. Ammonia emission rates following urine application to
different dry bedding materials: chopped straw, ; sand, ; pine
shavings,▼; chopped newspaper,; chopped corn stalks,; recycled
manure solids, . Error bars show ±1 SE (n = 3).
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Figure 2. Relationship between ammonia emissions from urine applied to dry beddings and some of the chemical and physical properties
of the beddings.
the different bedding types were the most important
factors inﬂuencing NH3 emission in these laboratory
chamber studies. For a given depth of bedding, the
loose, open structure of the chopped straw, chopped
corn stalks, and chopped newspaper meant that rela-
tively little mass was added; therefore, the mass of
urine absorbed was limited. Pine shavings and recycled
manure solids were of a slightly higher bulk density,
but that of sand was an order of magnitude greater.
The volume of urine added to the dry beddings exceeded
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the absorbance capacity of the less dense materials,
and the open structure of the materials increased the
surface area coated by urine from which NH3 emission
could occur. With the sand, the urine could percolate
readily through thematerial to pool in the bottom layer.
Ammonia emission would then be reduced because of
the increased resistance to transport as NH3 emitted
within the lower sand layer had to diffuse through the
upper layers before release into the free air stream.
For the recycled manure solids, with the much greater
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absorbance capacity, it is suggested that the majority
of the urine was retained in the upper layers with a
lower resistance to transport and therefore greater
emission.
The chemical properties of the bedding materials
(CEC, pH, and C:N) were less important than their
physical structure in determining NH3 emissions fol-
lowing urine addition. Emissions from urine-soaked
beddings were not signiﬁcantly different (as a propor-
tion of urine N added) despite signiﬁcant differences in
the bedding characteristics. When urine was applied to
dry beddings in the chambers, there was a signiﬁcant
positive linear relationship between emission and bed-
ding CEC, whereas we might have expected a negative
relationship with a greater proportion of ammonium
ions being bound to the exchange sites. Equally, we
might have expected the more absorbent materials to
have lower emissions, but the opposite effect was ob-
served. The lack of any inﬂuence of bedding pH on NH3
emission was probably because of the localized increase
in pH as the urea content of the urine was hydrolyzed;
the same effect is given as the reason for a lack of
inﬂuence of soil pH on emissions from urea fertilizer
applications (Harrison and Webb, 2001).
It is possible that differences in the urease activity
of the bedding materials themselves (as opposed to any
activity on the cement ﬂoor or added feces) might have
inﬂuenced the NH3 emission rates, although the extent
to which urease may have been denatured by drying
the beddings overnight at 60°C in the present study is
unknown as no measurements of urease activity were
made. It is known that plant materials produce urease
in large amounts (Sirko and Brodzik, 2000), and recy-
cled manure solids might also be expected to contain
signiﬁcant amounts. Therefore, differences in urease
activity may offer an alternative explanation (rather
than differences in resistance to transport) for themuch
lower emission observed from the urine applied to dry
sand bedding. Elzing and Monteny (1997) showed that
NH3 emission rate from urine and feces applied to con-
crete ﬂoors (at 10°C and without any bedding material)
peaked at about 2 h after application and declined rap-
idly thereafter. This result could suggest that urease
activity in the present study was limiting, as emission
rate peaks were much later and broader (Figure 1),
although this equally could have been the physical ef-
fect of the bedding materials in increasing the resis-
tance to NH3 transport in the air following urea hy-
drolysis.
Comparisons of our emission measurements with lit-
erature values are difﬁcult to make, both because of a
lack of reported studies and differences in the bedding
materials used. Jeppsson (1998, 1999) reported that a
mixture of peat and chopped straw reduced emissions
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from both pigs and young cattle in bedded pens by ap-
proximately 50% compared with long straw, chopped
straw, or wood shavings. Reduction in emissions
achieved with the peat/straw mixture were attributed
to the high capacity of this bedding to adsorb NH3, a
low pH value, high C:N, and a high capacity to absorb
water. Kemppainen (1987) also showed peat to have a
much greater ammonium-binding capacity than long or
chopped straw,wood shavings, or sawdust. The recycled
manure solids used in the present study might be con-
sidered to be physically similar to peat and had the
highest absorbance value and CEC of any of the bed-
dings used and a low pH, although it also had a low
C:N.However, in the present studyNH3 emissions from
the recycled manure treatment were among the highest
(Table 4).
It is possible that the other bedding characteristics
(pH, C:N, CEC) becomemore important over the longer
term. From Figure 1, it is clear that emissions would
have continued beyond the 48-h measurement period.
A sigmoid-shaped cumulative emission curve might be
expected, with emission rates increasing over the ﬁrst
period as urea hydrolysis proceeds and then declining
over the latter period as urea hydrolysis has completed
and the pool of ammonium N becomes depleted. There
might have been other treatment differences in NH3
emission if measurements had continued for much
longer, but, if pH and CEC were important factors,
it is considered that they would have inﬂuenced the
emission rates over the ﬁrst 48 h from the presoaked
bedding treatments.
These results suggest practical applications for bed-
ding used in cattle housing. In terms of urine ab-
sorbance, cattle may stay drier on a more absorbent
material such as recycled manure solids or chopped
newspaper. If lowNH3 emission is an important criteria
for bedding selection, then it is important that beddings
are maintained such that they do not become saturated
with urine, as emissions will then be high regardless
of bedding type. The results of the present study suggest
that NH3 emissions from cattle housed on a bedded
pack would increase if the bedding material were
changed from sand to straw, but applied to an equal
depth (and at a given bulk density). However adding
more volume, or a greater mass in the same volume,
may overcome some of these differences. In practice,
the interaction of urine and feces with bedding in dairy
cattle housing may differ from that in the laboratory
chambers used in this study. The bedding material will
be compacted by the animals, inﬂuencing both the ab-
sorbance and percolation characteristics. The addition
of fresh bedding material on a daily basis will inﬂuence
emissions from previous urine depositions. Microbial
activity within the deeper litter layers may immobilize
AMMONIA EMISSIONS AND BEDDING MATERIAL 4311
ammonium N and the C:N of the bedding material will
become more important in this respect. There would be
beneﬁt from future research exploring ways for using
each of the beddingmaterials (accounting for the physi-
cal characteristics) tominimizeNH3 emissions at a real-
istic scale, including the animal-bedding interactions.
Additionally, an assessment of nitrous oxide emissions
and dinitrogen losses (which can be signiﬁcant from
deep litter systems, e.g., Groenestein and Van Faassen,
1996) would highlight any pollution swapping of poten-
tial NH3 mitigation strategies.
Choice of beddingmaterial will also depend on a num-
ber of other factors, including cow comfort, hygiene,
and manure management considerations. Manninen et
al. (2002) reported that cows avoided sand bedding,
preferring strawor rubbermats, and suggested the poor
thermal properties and instability of sand as reasons for
avoidance. However, Tucker et al. (2003) showed the
importance of preconditioning in such preference stud-
ies, reporting that cows previously bedded on straw
would prefer straw when given a choice of straw or
sand, and those previously on sand would prefer sand.
O’Connell and Meaney (1997) reported that cows
showed a preference for sawdust over newspaper and
that the newspaper bedding required replacing more
often, resulting in cost implications. In terms of hy-
giene, no signiﬁcant effects on cleanliness or health of
stock were noted among sawdust, newspaper, straw, or
shavings (O’Connell and Meaney, 1997; Livesey et al.,
2003), but Hogan et al. (1989) reported that organic
beddings gave increased bacterial counts when com-
pared with inorganic bedding materials (sand or
crushed limestone).
CONCLUSIONS
Beddingmaterials differed in their capacity to absorb
urine; sand was the least absorbent, and recycled ma-
nure solids were the most absorbent on a weight for
weight basis. Despite differences in the pH, CEC, and
C:N of the bedding materials, when soaked in urine
to their absorbance capacity, there were no signiﬁcant
differences in the proportion of NH3 being lost through
volatilization over a 48-h period. When urine was ap-
plied to dry beddings, emissions over 48 h were signiﬁ-
cantly lowest for sand, followed by pine shavings.
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